An oxygen-tolerant strain (OTS) of Chlorella sorokiniana was isolated by growing and continuously subculturing the oxygen-sensitive strain (OSS) in growth medium bubbled continuously with 95% 02-5% CO2 . Under these conditions, 6 to 8 hr were required before the OSS began to grow. The growth rates of the OTS and the OSS were the same when grown in an atmosphere of air-5% CO2, and the growth rate of the OTS was the same when aerated with 95% 02-5% CO2 and air-5% CO2 . The adaptive process was irreversible since serial transfers of the OTS grown with air-5% CO2 did not alter the ability of the OTS to grow with 95% 02-5% CO2 . Inasmuch as photosynthesis in the OTS and the OSS was inhibited to a similar extent by oxygen and the adaptive process occurred heterotrophically in the absence of photosynthesis, it was concluded that the adaptive process was independent of photosynthesis. Morphological differences between the OTS and the OSS are presented and discussed with respect to the adaptive process.
The toxic effect of hyperbaric oxygen on living systems has long been known (2) and is displayed by most members of both the plant and animal kingdoms (13) . Symptoms of oxygen toxicity appear in a variety of ways. Respiratory effects, lung inflammation, heart symptoms, cerebral damage, and eventual death are consequences of oxygen toxicity in man and other vertebrates, whereas in plants germination and growth are markedly inhibited, defoliation is induced, and death is imminent (1, 12, 13) . At the metabolic level, respiration is irreversibly inhibited in tissue slices of many organs (6) , and in plants photosynthesis is inhibited (14) .
A variety of hypotheses have been presented to account in part for oxygen toxicity. In mammalian systems, the oxygen-sensitive enzymes of metabolism occupy a key role in these theories (5) , and in plants the inhibition of photosynthesis has received much attention (14) . Although these theories may account in part for oxygen toxicity, they are inadequate as complete explanations for the phenomenon.
From the voluminous literature, it appears that oxygen toxicity is a fundamental effect common to life in general and that a more thorough understanding of the subject is required. This information can be achieved most readily from a subcellular study of the toxic properties of oxygen. To simplify the latter task, it would be most I USAF Postdoctoral Research Associate. Present Address: Department of Biochemistry and Nutrition, University of Nebraska, Lincoln, Neb. 68503. advantageous to perform a comparative study on two strains of an organism, one of which is tolerant to oxygen. This paper describes the development and some characteristics of a strain of Chlorella sorokiniana (Shihira and Krauss, 11), which was found to be tolerant to 95% oxygen at ambient pressure. Culturing methods. Knop's medium, prepared as described by Vela and Guerra (16) , was used for all of the growth experiments. Culture vessels consisted of 25-by 175-mm cotton-plugged test tubes. After 20 ml of medium was added to each tube, the tubes were sealed with a cotton plug through which was placed an 8-mm glass bubbling tube, plugged with cotton to facilitate sterilization of gas mixtures bubbled through the medium. The culture vessel containing the growth medium was sterilized at 121 C for 15 min prior to being inoculated. For algal culturing purposes, the tubes were placed in a 37 to 38 C water bath, which was illuminated on both vertical sides with fluorescent lamps (General Electric cool white, high output Gases. All gases and special gas mixtures were obtained from commercial sources except for air-5% C02, which was prepared by mixing air and 100% CO2 at a rate of 4 liters per min and 0.2 liter per min, respectively.
MATERIALS
Dry weight measurements. Dry weight measurements of algal cultures were made by filtering a sample of cells through a tared 0.45-Mm HA filter (Millipore Corp., Bedford, Mass.). The filter cake was dried overnight at 70 C and then weighed on an analytical balance.
Electron microscopy. Culture suspensions of the oxygen-sensitive strain of (OSS) and the OTS were grown to a uniform density and centrifuged at approximately 3,000 X g. The supernatantculture medium was poured off and the cells were washed with cacodylate buffer solution (pH 6.8). They were fixed for 4 hr with 4% glutaraldehyde in the cacodylate buffer and washed overnight, with several changes of buffer. The cells were then fixed with 2% osmium tetroxide for 4 hr and dehydrated in a graded acetone series.
After embedment in Dow epoxy resin 334 (18), the tissues were sectioned on a Porter-Bloom MT-2 ultramicrotone (Ivan Sorvall, Inc., Norwalk, Conn.) with a diamond blade. The sections were stained with lead citrate for 40 mi (10) and examined with an RCA EMU 3-6 electron microscope. RESULTS Adaptation of C. sorokiniana to 95% 02. The adaptation of C. sorokiniana to 95% 02-5% C02 (0) and with 95% 02-5% C02 (A). Culture tubes ofKnop's medium (pH 6.7 to 6.8) were inoculated with log-phase OSS cells to contain 10J to 2 X 106 cells/ml. Growth occurred at 37 to 38 C and at 1,500 ft-c of light. Celi counts were made with a hemocytometer.
involved gassing a dilute suspension of algal cells with the gas mixture for prolonged periods of time, whereupon the culture began to grow, as measured by its increased cell population. C. sorokiniana began to grow exponentially in air-5 % CO2 a very short time (2 to 4 hr) after inoculation and continued logarithmic growth for 8 to 10 hr (Fig. 1) . When the gas mixture was 95% 02-5% C02, usually 6 to 8 hr were required before measurable growth occurred. Exponential growth of this adapted culture occurred at a rate approximately equal to that of the parent culture in 95% air-5% CO2. Subsequent subculturing of a similar algal culture aerated with 95% 02-5% CO2 for prolonged periods of time eventually gave rise to a strain of C. sorokiniana capable of growing in the high-oxygen environment in a manner similar to that of the parent strain (OSS) grown with 95% air-5% CO2 as the gas phase (Fig. 2) .
Nature of the adaptive process. Inasmuch as the eventual production of the OTS culture was accomplished by subjecting OSS to an oxygenrich atmosphere, it was of primary importance to ascertain whether the development of OTS could be explained as induction, genetic mutation, or culture contamination. To test the induction hypothesis, the OTS culture was grown and subcultured 30 times in media aerated with 95% air-5% CO2 (OTSA) and with 95% 02-5% CO2 (OTSO). After the 30th transfer, the OTSA and OTSo cultures were aerated with both 95% 02-5 % CO2 and 95% air-5 % CO2.
Continuous transfer of OTS using air did not significantly affect its ability to grow when 95% 02-5% CO2 was used as the gas phase (Fig. 3) Inhibition of photosynthesis on OTS and OSS. In an attempt to elucidate further the nature of the adaptive process, the photosynthetic capabilities of both OTS and OSS were measured at a number of oxygen concentrations (Fig. 4) . The results of these experiments reflect that the photosynthetic output of oxygen was inhibited to approximately the same extent in both OSS and OTS.
Adaptation to 02 under heterotrophic conditions. Inasmuch as photosynthesis was inhibited to approximately the same extent in OTS and OSS, it was of great interest to determine whether the OSS cell required active photosynthesis for the adaptive process. This basic question was tested by two independent experiments. In the first experiment, OSS was grown in the dark in Knop's salts with 0.5% glucose as the fixed carbon source. These cultures were aerated with both 95% air-5% CO2 and 95% 02-5% CO2 for a prolonged period of time. The results of these experiments were not consistent. In some experiments, OSS began to grow slowly in 95% 02-5% CO2 after 2 days; however, in other experiments growth of OSS under the same conditions was not evident. Cultures of OTS were found to grow in the dark on 0.5% glucose in either atmosphere.
The second experiment was performed in the light using both Knop Cellular characteristics of OSS and OTS. Gross differences in cell morphology of the two strains were reflected in the dry weight per cell ratios of OTS and OSS. This ratio was constant during the growth phase of each strain, suggesting that the mean cell size of OTS was twice as large as that of OSS (Fig. 5 ). Newly adapted OTS had a dry weight per cell ratio approximately equal to that of OSS.
Electron microscopic examination of both OSS and OTS showed pronounced differences in cell morphology. Electron microscopic examination tended to confirm the difference in cell size between OSS and OTS. The most striking difference, however, was their apparent modes of cell division. In all of the cells appearing in the state of division, OTS gave rise to only two or four daughter cells, whereas OSS produced either two, four, or eight daughter cells. Furthermore, the majority (ca. 66%) of reproducing OTS cells observed were forming two daughter cells, whereas the distribution in OSS was more even among the three classes (Table 2) . Analysis by chisquare indicated an extremely small probability (<.001) that the distribution of the cell division (2, 13) . Attempts to elucidate this fundamental effect have been extensive (1, 2, 6, (12) (13) (14) ; however, they have been limited, largely because comparative studies with systems tolerant to high partial pressures of oxygen have not been feasible. Our work with C. sorokiniana has given rise to an OTS which should prove very beneficial in the study of oxygen toxicity.
The adaptive process which gave rise to OTS was found to be an apparently irreversible one, inasmuch as oxygen tolerance could not be diluted by subculturing OTS in 95% air-5 % CO2. These tests also served to show that the adaptive process did not result from an induction mechanism (7), as induction in most other organisms is reversible. Furthermore, in those cells where induction is irreversible (9) , daughter cells grown in the absence of the inducer will not retain the activity of the induced parent cells.
Culture contamination was ruled out as an explanation of the origin of OTS, inasmuch as many cultures, each derived from a clone of OSS, were capable of adapting to oxygen. Mutation, however, could neither be accepted nor discarded as an explanation. The mutation theory was supported by the fact that oxygen tolerance was transferred to daughter cells even when growth occurred in ambient oxygen atmospheres; however, differences in dry weight per cell ratios and in growth in glucose at 100% oxygen suggest that previously adapted OTS and newly adapted OTS are different. As previously indicated, we therefore prefer to designate OTS as an adapted strain of C. sorokiniana. The overall adaptation process which gave rise to OTS may have been an involved process commencing with the adaptation of OSS to elevated partial pressures of oxygen. Elucidation of the adaptive process and of the cellular differences between OSS and OTS is vital because information such as this will be fundamental to the understanding of oxygen toxicity.
In 1920, Warburg (17) showed that oxygen inhibited photosynthesis in algae. Since that time, many investigators (14) have confirmed this observation and have attempted to elucidate the mechanism of the toxic action of oxygen on photosynthesis. Our experiments with photosynthesis demonstrated the "Warburg Effect" in C. sorokiniana and showed that oxygen has a similar toxic effect on photosynthesis in the OTS. These results suggest that the alterations required for the OSS cell to adapt to oxygen are not reflected in the photosynthetic mechanism and that changes in the nonphotosynthetic metabolism of C. sorokiniana have occurred to allow OTS to grow prolifically in high oxygen atmospheres. This suggestion was further supported by the fact that OSS adapted to hyperambient oxygen pressures under heterotrophic conditions in the absence of photosynthesis and by the observed changes in cell mass and cell division.
The asexual division of unicellular algae gives rise to several daughter cells, usually two, four, or eight (3) . The number of daughter cells arising from a parent algal cell has also been shown to be variable, depending on environmental conditions (4). In our experiments, the only environmental variable in the measurement of cellular division was the composition of the gas phase. These studies showed that fewer daughter cells arose per OTS cell grown in 95% O25% CO2 than per OSS cell grown in 95% air-5% CO2. In view of the work of Hase et al. (3, 4) , it is reasonable to assume that the changes in cellular division of OTS and OSS may be reflected by a normal cellular reaction to environmental changes and that our data are not necessarily a reflection of a mutation. Inasmuch as fewer daughter cells arise from OTS than from OSS and because the growth rates of these two cultures are identical, it is reasonable to assume that the time required for the maturation and division of an OTS cell is shorter than for an OSS cell. Direct evidence has not been collected to support this deduction. Experiments with synchronous cultures of OSS and OTS should be beneficial in further clarifying the reproduction rates of the two cells.
